Abstract. Erythrocytosis without clinical illness was noted in a man and his two daughters. Their blood contained approximately 62% hemoglobin A and 38% a new hemoglobin, designated hemoglobin Yakima. The oxygen affinity of whole blood from each subject was greatly increased and hemeheme interactions were impaired. At 370C and a plasma pH of 7.40, the oxygen pressure required to produce 50% saturation of hemoglobin with oxygen was only 12 mm Hg as compared with a normal of 26 mm Hg. The high oxygen affinity of this blood is attributed to the presence of hemoglobin Yakima; and the increased oxygen affinity was shown to be characteristic of the isolated abnormal hemoglobin. A Bohr effect was present in hemoglobin Yakima.
Introduction
In order to function effectively in oxygen transport, hemoglobin must be able to combine with oxygen at pressures found in the lungs and be able to deliver oxygen to tissues at pressures adequate for diffusion to intracellular sites of utilization. Normal hemoglobin is well designed for both these functions as expressed by the Bohr effect, the midposition of the oxygen-hemoglobin equilibrium curve and its sigmoid shape (a measure of heme-group interactions).
More than 70 human hemoglobin variants have been reported ( 1 ), but only a few have been associated with altered oxygen-binding properties. A new hemoglobin, designated hemoglobin Yakima, has been found to constitute approximately 38% of the total hemoglobin in three healthy members of one family (2) . Each of the three individuals, heterozygous for hemoglobin Yakima, possessed a significant erythrocytosis associated with a high oxygen affinity of the blood.
Significant alterations in the oxygen-carrying properties of blood might evoke compensatory responses in other systems concerned with oxygen transport and utilization. Our study was de-1848 signed to characterize the altered oxygen-binding properties of hemoglobin Yakima and to investigate its possible hemodynamic and metabolic consequences.
Methods
The family pedigree of these subjects, the results of hematologic studies, and the details of chemical characterization of hemoglobin Yakima are reported by Jones, Osgood, Brimhall, and Koler (2) . Designation of the propositus and the two other subjects in our present study conforms to the schema of those authors.
Oxygen equilibria of whole blood. For studies of the oxygen-hemoglobin equilibria, venous blood was obtained without stasis. A solution of heparin (10 mg/ml) saturated with sodium fluoride was used to fill the dead space of each withdrawal syringe. Immediately after withdrawal of the blood, we began in vitro oxygen-hemoglobin equilibrium studies using two different techniques which have been described in detail in previous publications and which have shown excellent agreement in our laboratory (3, 4) . Because of the high oxygen affinity of blood from these patients, complete deoxygenation of blood was difficult to achieve. We, therefore, measured the oxygen concentration in the "deoxygenated" samples by the Van Slyke micromanometric apparatus and made the necessary corrections in our calculations of per cent of hemoglobin saturation by the "mixing technique" (4) . Partial pressure of oxygen in millimeters mercury (Po2) and pH of the mixture were measured with Radiometer electrodes at 370C. The occurrence of hemolysis after tonometry was excluded by centrifugation and visual examination of the plasma. On one occasion, in vivo data were also obtained by measurement of oxygen saturation, pH, and Po2 of blood taken from the brachial artery and the antecubital vein.
The hemoglobin concentration of each blood sample was determined by a spectrophotometric method (5) . Oxygen capacity was determined gasometrically after oxygenation at 370C (3). Methemoglobin concentrations in blood and in hemoglobin solutions were measured by a modification of the method by Evelyn and Malloy (6) .
Oxygen equilibria of hemoglobin solutions. Hemoglobin solutions were prepared from lysed red cells after extraction of stroma and lipid with toluene. Separation of hemoglobin Yakima and hemoglobin A was accomplished by column chromatography as described by Jones and coworkers (2). Each 5-10 ml aliquot of hemoglobin A and hemoglobin Yakima and of unfractionated hemoglobin solutions (62%o A and 38%o Yakima) was dialyzed for 24 hours against 1 liter of 0.05 M potassium phosphate buffer. Oxygen-hemoglobin equilibria were determined by the "mixing technique" at 37°C, pH 6.45-6.50, and with hemoglobin concentrations of 3.54.5 g/100 ml. Similar aliquots of pure hemoglobin A and hemoglobin Yakima were dialyzed overnight against 0.15 M NaCl. Changes in pH after complete oxygenation by 100%b oxygen and virtual deoxygenation by prepurified -nitrogen Hemodynamic and metabolic studies. Studies of hemodynamic function and metabolic rate were performed on the propositus (subject III-8) and his two daughters (subjects IV-1 and IV-2). After an overnight fast, each subject was allowed to rest in the supine position without sedation. A transcutaneous brachial artery catheter was inserted. A cephalic vein was cannulated with a 17-gauge polyethylene cannula for injection of 5 mg of indocyanine green dye followed by isotonic saline. Cardiac output was measured by the indicator-dilution method
Results
Oxygen equilibria of whole blood. Blood samples from the propositus and his two daughters showed an unusually high oxygen affinity (Fig. 1 , Table I ). Each point represents the average of duplicate measurements. In our laboratory, normal adult whole blood at pH 7.40 and 370C is half-saturated with oxygen at a pressure (P50) of 26.0 mm Hg ± 0.5 mm Hg (SD). Blood from each of the three individuals showed a P(,0 of approximately 12 mm Hg. At 54% saturation the mean Po., was 14.1 mm Hg+0.5 mm Hg (SD). The oxygen-hemoglobin equilibrium curve is hyperbolic, indicating significant impairment of hemeheme interaction. According to Hill's equation: log (y/100-y) = n log Po2 + log K, where y is the per cent of oxyhemoglobin and K is a constant, n is an expression of heme-heme interactions (n = 1 = no interactions). The n value calculated from our data (by the method of least squares) in the range of 15-82.5%o saturation was 1.1 for blood that contained 38%o hemoglobin Yakima and 62%o hemoglobin A. Normal blood has an n value of 2.5-3.0. A near-normal Bohr effect factor (A log Po,/ApH =-0.44) in the region of 50%c saturation was found in whole blood from one of our subjects (III-8). An average factor of -0.52 was calculated over the range of 15-82.5%o saturation after data from all subjects were pooled.
Methemoglobin in whole blood was excluded by spectrophotometric examination of freshly drawn blood and by comparison of total hemoglobin measured as cyanmethemoglobin and oxygen capacity by Van Slyke gasometric methods.
Oxygen equilibria of hemoglobin solutions. Hemoglobin fractions isolated by column chromatography were 98%o pure. Hemolysates exposed to chromatography showed an increased propensity to methemoglobin formation during dialysis and tonometry, in contrast to unfractionated hemoglobin solutions. In repeated studies, however, the concentrations of methemoglobin were the same in both hemoglobin Yakima and hemoglobin A solutions and comprised 20-28% of the total hemoglobin. Oxygen equilibria of hemoglobin Yakima and hemoglobin A were studied on the same day under identical in vitro conditions in order to insure comparative validity.
Absorption spectra in the ultraviolet and visible spectral regions showed no evidence of denaturation of the individual hemoglobin fractions. Evidence of the functional integrity of unoxidized hemoglobin was its ability to undergo reversible oxygenation and deoxygenation during tonometry and mixing. It is evident from Fig. 2 presence of methemoglobin and are in accord with the observations of Darling and Roughton (11) .
A qualitative comparison of the Bohr effect in isolated hemoglobin Yakima and in hemoglobin A is given in Table II . Methemoglobin concentrations before and after deoxygenation remain the same in both hemoglobin fractions.
Hemodynamic and metabolic studies. Arterial oxygen saturations, rates of oxygen consumption, and cardiac indexes were within normal ranges (Tables I and III) . Normal acid-base status was present as indicated by normal blood pH values at approximately 40 mm Hg Pco2.
The oxygen concentration in arterial blood (Cao2) was 23.9 volumes/100 ml for subject III-8 and 22.0 volumes/100 ml for subject IV-1. Arterial pH was 7.428 and 7.426, respectively. Calculated values for mixed venous blood at pH 7.40 were: an oxygen pressure (Po2) of 34 mm Hg and an oxygen concentration (Co2) of 19.1 volumes/100 ml for subject III-8; and PV%2 of 35 mm Hg and Co2 of 18.2 volumes/100 ml for subject IV-1. Cardiac output studies were not performed on subject IV-2, but other parameters were within normal limits (Table III) . Mixed venous oxygen pressures of 34-35 mm Hg were somewhat lower than the 39-40 mm Hg reported for normal subjects under comparable circumstances (12) . A decreased intercapillary diffusion distance in the tissues would allow adequate oxygen supply at lower than normal mean capillary Po2, but no studies of tissue capillarity were performed. Significant elevations of hematocrit, hemoglobin concentration, and red cell mass have been documented in these subjects who were without clinical illness (2).
Discussion
The extremely high oxygen affinity of isolated hemoglobin Yakima is comparable to that found in Bart's hemoglobin (13) and in hemoglobin H (14) . The oxygen affinity of blood containing hemoglobin Yakima is higher than that of any human blood previously recorded, including hemoglobin Chesapeake which was also accompanied by an erythrocytosis (15) .
Cellular oxygen supply requires the integrated action of several physiologic variables and a change in any of these without associated compensatory responses will produce a change in the rate of oxygen delivery. Haldane, as quoted by Roughton, postulated that a blood oxygen-hemoglobin equilibrium curve shaped and positioned like that of myoglobin would be incompatible with human life (16) . Our subjects with hemoglobin Yakima have a functional defect in one identifiable link in the oxygen-delivery chain based upon the high affinity of their blood for oxygen. As oxygen is delivered to tissues, the fall of blood oxygen pressure will be more pronounced in blood with hemoglobin Yakima than in human blood with normal hemoglobin and may reach levels that, in accordance with Haldane's observations, would jeopardize oxygen delivery to intracellular sites of utilization. Compensatory adjustments, which would help to maintain the Po2 in capillary blood at normal levels, include an increase in hemoglobin concentration and an increased rate of blood flow. The net effect of an increased oxygen-carrying capacity is to increase venous Po, for a given extraction of oxygen from blood. In Fig. 3 (17) suggest that in addition to an elevated hemoglobin concentration in maternal blood, an increase in maternal uterine blood flow, and (or) an increase in placental diffusing capacity would be necessary for adequate oxygen transfer to the fetus.
The shape and position of the oxygen-hemoglobin equilibrium curve in these subjects would be expected to show less reserve of Po2 in anemia, in exercise, and in tissues with a high degree of oxygen extraction, e.g., myocardium. However, all three subjects with hemoglobin Yakima and erythrocytosis are active and healthy, which would indicate the benefit of a high blood oxygen-carrying capacity, and possibly other as yet unidentified compensatory mechanisms.
